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ABSTRACT

This thesis describes an effort to develop a source of plane

wave electromagnetic pulses for use in an experiment which was designed

to measure the electromagnetic field strength across an axial slot in

an infinite circular cylinder. Two approaches are described. One

design approach attempted to simulate a magnetic line source with an

array of small current loops. The second approach attempted to simulate

a magnetic line source with an array of long monopoles. It was con-

cluded that a source of plane wave pulses could be constructed, but not

without degradation in rise time.
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CHAPTER 1

INTRODUCTION

The electromagnetic characteristics of an infinite circular

cylinder with an infinite axial slot have been investigated by many

workers. Work by Beren (1977) at The University of Arizona considered

alternatives to the H Field integral equation, namely the Aperture Field

Integral Equation (AFIE) and the E Field Integral Equation (EFIE).

Experimental verification of that work was desired.

An experiment was designed to provide empirical data for com-

parison with the calculated results. An infinitely long cylinder would

be simulated by fabricating a 4 feet diameter half-cylinder made from

fine wire mesh stretched over a wood frame and mounted on a 28 feet

square ground plane. The cylinder design was such that various aperture

widths could be accommodated.

However, two potential problem areas were noted in developing

the experiment. A technique to measure the field in the aperture without

field perturbation was not immediately apparent. The other problem

centered on the development of the plane wave source. A single antenna

above a ground plane will produce a circular wavefront along the ground

plane, as illustrated in Fig. 1.1. Depending on the distance from the

source, good approximations of a plane wave can be made. In this experi-

ment, however, the radius is too short. As shown in Fig. 1.1, the wave-

front reaches a point 7 feet right of centerline approximately 3

1



centerline

+antenna

9.6 ft.

3 ft.

front edge of 7 ft.
cylinderI

Fig. 1.1. Wavefront produced by single antenna.



nanoseconds later than the point located on centerline. This time delay

produces unacceptable field perturbations for this experiment. The pur-

pose of this thesis is to describe efforts to overcome that problem.

The task was to design a source of plane wave pulses which were vertically

polarized, had rise times on the order of 0.5 nanoseconds and provided at

least 10 nanoseconds of clear time.

Two design approaches were considered. The first approach used

an array of electrically small loops with the plane of the loops normal

to the ground plane to provide the required vertical polarization (Fig.

1.2a). The second approach used an array of long monopoles with each

antenna normal to the ground plane to provide the vertical polarization

(Fig. 1.2b). The polarization of the radiated fields of each array were

assumed to be equivalent at the cylinder for the purpose of this thesis.

The design, construction and test of each approach are described

in subsequent chapters, including a computer simulation of the monopole

approach which was developed and verified experimentally to aid in the

analysis of that approach. It was found that a source of plane waves

could be designed, but not without degradation in pulse rise time.
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E ground plane

t4

cylinder small loop(s)

a. Plane of the loop normal to the

ground plane.

cylinder

long

monopole(s)

E ground plane

b. Monopole normal to the ground plane.

Fig. 1.2. Orientation of the antennas to provide a
vertically polarized wave.



CHAPTER 2

THE TEST FACILITY

The Test Facility consists of three basic elements: a ground

plane, a system to generate the electromagnetic pulses, and a detection

and measuring system. A schematic diagram is shown in Fig. 2.1.

The Ground Plane

The ground plane consists of a 28 feet square wood frame covered

with fine wire mesh. Holes were cut for the antenna and probe leads at

the points shown in Fig. 2.2. The antennas were spaced along the line

designated "line of antennas", and measurements of the radiated fields

were taken at the points shown. Throughout this paper, where symmetry

is discussed, it is with respect to a line dividing the ground plane in

half, and is designated the "centerline" in Fig. 2.2 and subsequent fig-

ures.

Pulse Generator

The pulses for this experiment are provided by a Tektronix 109

Pulse Generator using an external power supply. The pulses have a

nominal 0.5 nanosecond rise time and nominal 200 volt peak amplitude

at the input to the E-H Research 1:100 tee which is used to provide a

trigger pulse for the sampling oscilloscope, as well as a reference pulse

for comparison purposes.

The array elements are connected using power dividers and 10

nanosecond low-loss coaxial cables. The insertion loss between an), two

5



radiating elements

field probe

4- ground

Fig. 2.1. Test facility schematic.



__ _ _ _ _, __ ,_ 28 ... . .

axis of symmetry

19.0

line of antennas I+ -I

+I

M.easurements are in feet 9.6

measurement points

-T-- - I- - --
A
4 cylinder

1 9.1
-ig. -u -

Fig. 2.2. Ground plane.



mS

ports, when the third port is connected to a matched termination, is

nominally 6 dB (General Radio, 1972). The 10 nanosecond cables allow a

clear time of 20 nanoseconds before mismatch reflections are noted.

Holes were cut through the groundplane to allow the antennas to be con-

nected. However, the antenna baseplates were of sufficient size to pro-

vide a continuous conducting surface.

Detection and Measurement System

Field probes were constructed to detect the radiated fields.

A small half-circular loop probe was constructed using RG-174 coaxial

cable, a connector, and a small brass baseplate as described in Appendix

B, Fig. B.1. Several iterations were required to construct a similar

monopole probe with the desired response, a 3 inch 220 ohm base loaded

monopole using RG-174 coaxial cable, a connector and a small brass base-

plate. This will be discussed in more detail later.

A Tektronix Sampling Oscilloscope was used to display system

response. Using the dual trace feature, it was possible to compare the

system response to a reference pulse. The single sweep feature proved

useful in recording the data. The vertical output of the unit could be

connected to an integrator for additional processing when desired. The

results of the integration were displayed on a standard HP 130B oscillo-

scope. The sampling oscilloscope sweep was used to drive the HP 130B

sweep, both being calibrated and synchornized. A complete list of

equipment is contained in Appendix A.
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System Operation

To test the system operation, an initial check was made using

an existing 8 feet monopole as the transmitting antenna, a square wave

input pulse, and a short monopole probe as the receiving antenna. The

test was based on a paper published in 19b6 by Schmitt, Harrison, and

Williams which showed that a long monopole antenna transmits a replica

of the input voltage. This conclusion was obtained from the following

expression for the radiated field, E(f):

E~fk k .g(f) 8
E(f) j J'- o(f) + Zg(f) 8he(f) (2.1)

where

k = characteristic resistance of space

= radian wave number

V = input voltageg

g = input source impedance

0 = antenna impedance

he = effective height of antenna

When the above equation was transformed and numerically integrated, the

comparison of calculated and experimental results was excellent (Schmitt

et al., 1966). The paper also showed that the load voltage of a short

monopole probe in reception was proportional to the derivative of the

incident field. The expression for the load voltage, VLI obtained from

the paper, is shown below:
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[2Jh E 

(2.2)

L(f )  -j2r f ck L E (f)

where

h = height of antenna

Z = load impedance

c = speed of light

k = characteristic resistance of space

Ein c = incident field

When Eq. (2.2) is transformed, the derivative relationship in the time

domain is shown. Comparison of the calculated and experimental results

again showed excellent agreement (Schmitt et al., 1966). Thus, it is

concluded that the load voltage of a short monopole probe in response

to the field radiated by a long monopole is proportional to the first

derivative of the input voltage. Figure 2.3b shows the predicted response

of a short monopole probe to the field radiated by a long monopole

excited by the voltage pulse shown in Fig. 2.3a.

In the initial system check using the equipment just described,

a 5 nanosecond pulse was input to the antenna. The probe response to the

radiated field shown in Fig. 2.4 was assumed to be distorted by ringing.

To eliminate the ringing, various tests were performed using resistors

to base load the probe. Values of resistance from 120 ohms up to 330

ohms were tested, and 220 was selected as providing the optimum result.

Figure 2.5 shows the load voltage response measured from a 3 inch probe

(upper photo) and the subsequent integration of that pulse (lower photo)

when a long monopole was excited by the 5 nanosecond square wave pulse.

These results constituted a successful check of the system.
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1.0 ,

0units of

time

a. Input pulse.

+5  fF

0 1 2 3 4 units of
time

-5

b. First derivative of above pulse.

Fig. 2.3. Graphic representation of a pulse with
finite rise time and its first derivative.
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erti ca I

100m% . cm

horizontal:

I Nsec/cm

a. Input voltage waveform to 8 ft.
monopole antenna (measured from
E-H tee)

vertical:

rOm\ /cm

horizontal:

1 Nsec/cm

b. Load voltage response of 3 inch monopole
probe to field radiated by 8 ft. monopole
excited by square pulse input voltage
(above).

Fig. 2.4. kesults of initial system checkout.
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verti cal:

SOmV/cm

horizontal:

1 Nsec/cm

a. Load voltage response of 3 inch monopole probe,
220 ohm base loaded, to field radiated by 8 ft.
monopole excited by square wave input voltage
pulse.

vertical:

50mV/ cm

horizontal:

1 Nsec/cm

b. Above probe response integrated once.

Fig. 2.5. Initial system checkout using base
loaded (220 ohm) field probe.



14

Frequency Content of the Pulses

Studies have shown that the upper limit of the spectrum of a

pulse and its rise time are inversely proportional (E-H Research Labora-

tories, 1963). The pulses provided by the Tektronix pulser were consis-

tently measured at 0.6 nanoseconds. Using the following relationships

(E-H Research, 1963):

Observed Rise Time = S 2 + p2  (2.3)

where

S = oscilloscope rise time,

P = pulse rise time,

and

.35
F = 3 (2.4)

where

F = frequency in Hertz

P = rise time in seconds

the high frequency content of the pulses was calculated to be 783 M-z.



CHAPTER 3

SIMULATION OF THE RADIATED FIELD OF

AN ARRAY OF LONG MONOPOLES

Two approaches to the design of the plane wave source previously

described will be discussed. The first approach centers on the simula-

tion of a magnetic line source using an array of electrically small

loops. The antenna design and theory will be discussed briefly, followed

by a description of the experimental results. The second approach cen-

ters on using an array of long monopoles for which a computer simulation

was developed and verified experimentally. The results obtained from

that simulation provide the basis for the conclusions of this paper.

Simulating a Magnetic Line Source

Four electrically small half-cylinder loop antennas with 6 inch

diameters were fabricated for this experiment. See Appendix B for

design criteria. A paper published by Franceschetti and Pappas (1974)

showed that the radiated field, E(t), from a small loop antenna could be

expressed by:

E(t) = k (3.1)
47Trc 2 L

where

k = characteristic resistance of space

v = input voltage--(the dot (.) indicates the

derivative with respect to time)

t* = retarded time (t-r/c)

is
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r = distance from source to probe

c = speed of light

A = area of loop

L = static inductance of the loop

Thus the radiated field of a small loop antenna is proportional to the

first derivative of the input voltage. Harrison (1964) had previously

shown that the load voltage, VL' of a small loop antenna in reception,

which in the frequency domain can be expressed by:

-iwA ZL(f) inc ((3.2)--'---. E n (f)( .2

L k Zo(f) + ZL(f)

where

k = characteristic resistance of space

A = area of loop

L = load impedance

i = source impedance

Ei n c (f) = incident field

was proportional to the first derivative of the incident field. Thus,

from Eqs. (3.1) and (3.2), it was concluded that the load voltage of a

small loop probe in response to the field radiated by a small loop an-

tenna excited by a square wave pulse is proportional to the second deriva-

tive of the input voltage, as illustrated in Fig. 3.1. However, when a

single small loop was actually used to radiate to a small probe, the load

voltage actually measured was considerably distorted (Fig. 3.2b). The

distortion was assumed to be caused by ringing. Loading of the antennas



0 13 4

a. input pulse time

-5

b. first derivative

+15

0 2 4

-15

c. second derivative

Fig. 3.1. Graphic representation of first and second
derivative of a pulse with finite rise time.
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vertical:

200 mV/cm

horizontal:
1 Nsec/cm

a. Input voltage measured from E-H tee

b. Load voltage of small loop probe on centerline,
small loop antenna excited by square wave pulse
with finite rise time

Fig. 3.2. Results of initial test using single small
loop antenna and small loop probe.
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to eliminate the ringing was considered, as in the case of the monopoles

previously described. However, because of the derivative nature of the

voltages both in transmission and reception, analysis was expected to be

considerably more difficult. As a result, the loop approach was set

aside, and an approach using an array of monopoles based on the work per-

formed during the system check was developed.

Analysis of an Array of Long Monopoles

It was previously shown that a single long monopole radiates a

replica of the input voltage. Analysis of the array was begun using a

two-element array, and evolving to larger arrays. As shown in Fig. 3.3,

the distance from both antennas to any point along the centerline are

equal. This implies that pulses will arrive simultaneously at points

along the centerline, and have a shape identical to that radiated by a

single antenna. For points away from centerline, the distances from each

antenna to the point are not equal, which implies that the pulses will

not arrive at the point simultaneously and the shape will not be identi-

cal to that of a single antenna. For example, if a two-element array of

monopoles were excited with an ideal square wave pulse, the radiated

field along the centerline would be a square wave pulse. However, for

points off centerline, a "stair-step" effect would be expected as illu-

strated in Fig. 3.4. For arrays of more than two elements, the stair-

step effect will always occur because no more than two elements will be

equidistant. Figure 3.5 shows a four-element array with the point on

centerline, while Fig. 3.6 shows the same array with the point off cen-

ter line.
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4- centerline

array elements

observation
points

Fig. 3.3. Schematic of two-element array showing
effect of shifting observation point.

a- ----- - ------.--- ----- - -
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normalized
1.0 values

0.5

9.5 10.0 10.5 11.0 11.5 12.0 Nsec

a. Observation point 3 ft. right of centerline

normalized
1.0 values

0.5

9.5 10.0 10.5 11.0 11.5 12.0 Nsec

b. Observation point 5 ft. right of centerline

Fig. 3.4. Theoretical field radiated by a two-element array
of long monopoles excited by the ideal step func-
tion input voltage, U(t).



centerline
antennas

Fig 3. . Scemti of foreemn rrywt

obevtinpit9 ncntrie



23

antennas

\

centerline

\\

Note: each ray path
is a different length

observation point

Fig. 3.6. Schematic of fouzr-element array with
observation point shifted from centerline.
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To aid in analyzing the fields radiated by an array of monopoles,

a FORTRAN IV computer program was written to simulate those fields, using

the geometry shown in Fig. 3.7.

Description of the Program

A first order approximation was assumed, since only the wave

shape was of interest at this time. No attempt to scale the amplitude

to predict experimental results was made, nor was the effect of secondary

radiation considered. The fields were computed, normalized to the maxi-

mum value, and plotted. Program parameters that could be varied were

width of the array, number of antennas, the distance between the antennas

and a line of observation points (range), and the time scale. For ease

of display, plots were shifted by amounts shown on each graph.

If a long monopole is assumed excited by an input voltage, V(t),

given by:

V(t) = k(l - exp(-at))U(t) (3.3)

where

k is arbitrary constant,

a is constant, chosen such that rise time closely approximates

actual pulse rise time (3.662 x 109

t is time,

U(t) is the unit step function,

then from Eq. (2.1), the shape of the radiated field F(t*) from a single

monopole at a point P can be expressed by:

F(t*) : V(t*) (3.4)
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I axis of symmetry

width of array

--w

-000 0
line of

array spacing antennas

distance I range

from
antenna to
observation point

observation points

Fig. 3.7. Schematic used for computer simulation
program design.



where

\(t*) is the input voltage, at the retarded time t,
_R

t* is the retarded time t - R
c

R is the distance from the antenna to the point P,

c is the speed of light.

For the multiple element array, the individual fields are computed

using Eqs. (3.3) and (3.4), stored, and then summed algebraically at the

point P as its position is shifted away from centerline. Since the array

is always centered, symmetry was applied and only positions to the right

of center were computed.

Verifying the Program

After the program was debugged, a simple case for a two-element

array with elements spaced two feet apart was run. The predicted stair-

step effect was noted as the observation point was shifted off center-

line. To confirm these results, a two-element array of long monopoles

was constructed and measurements taken. Figure 3.8 compares the experi-

mental results with the simulation plot for the case where the observa-

tion point is on centerline. In the simulation, only the leading edge

of the pulse was plotted since the trailing edge was assumed symmetrical.

For the centerline case, no stair-step effect was noted. Figure 3.9

shows the comparison for a point 3 feet from centerline. The stair-step

effect is not clearly shown in the measured data because the integrator

response is not fast enough. However, as shown in Fig. 3.10, the stair-

step effect is clearly visible. Thus, this first order approximation

was confirmed.
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1.0 -

0.5

5 7 9 11 13 15 Nsec

a. Computer simulation, leading edge only

vertical: O
30 mk\/cm M

horizontal: 1 Nsec/cm

b. Measured probe response, integrated once

Fig. 3.8. Comparison of experimental vs. simulated results

of radiated field of a two-element array of long

monopoles excited by square wave pulse with finite
rise time, probe on centerline.
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normalized
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step

5 7 9 11 13 13

a. Computer simulation, leading edge only
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b. Measured probe response, integrated once

Fig. 3.9. Comparison of experimental vs. simulated
results of radiated field of a two-element

array of long monopoles excited by square
wave pulse with finite rise time, probe

3 ft. right of centerline.
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normalized
values

1.0-f

- I
0.5../'--stair

step

5 7 9 11 13 15

a. Computer simulation, leading edge only

stair-step

vertical:
30 mV/cm

horizontal: I Nsec/cm

h. Measured probe response, integrated once

Fig. 3.10. Comparison of experimental vs. simulated
results of radiated field of a two-element
array of long monopoles excited by square
wave pulse i'th finite rise time, probe

3 ft. right of centerline.
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Simulation of Larger Arrays

The simulation initially considered cases that could reasonably

be expected to be constructed and used on the 28 feet square ground

plane. Thus the array widths considered were 10 feet long and 28 feet

long with from I to 32 antennas. The ranges between the antennas and

the observation points selected were 5, 9.6 and 16 feet.

As the data was accumulated, the effect of element spacing became

the dominant feature. As the spacing became small, a smoothing of the

"stair step" was noted. Figure 3.11 shows a comparison of a 28 feet array

with 8 elements (4 feet spacing) and 16 elements (1.867 feet spacing).

The smoothing is clearly shown. A special case was run using an ideal

step function, U(t), as the input voltage for a 10 feet array with 100

antennas (0.101 feet spacing). Those results showed a very smooth curve

(Fig. 3.12). As a result, an expression describing the field, F (t),

radiated by an array of infinitely close monopoles was derived by Beren

(1976, private communication), viz.:

F(t) t + [t 2 _ to23l/] (3.5)

where to is the time from the plane of the antennas to the plane of obser-

vation points, a constant. The derivation assumes an ideal step function

input.

When the radiated field represented by Eq. (3.5) was compared

against the computer simulation for a case of 500 antennas in a 10 feet

wide array (antenna spacing of 0.02 feet), the plots were identical

(Fig. 3.13). Equation (3.5) was truncated at a time equal to the time
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normali zed
values

1.0

- 8 antennas (4 ft. spacing)

----- 16 antennas (1.87 ft. spacing)

28 ft. wide array
16 ft. range

observation at centerline

15 20 23 30 55

Nsec

Fig. 3.11. Effect of reduced antenna spacing on

smoothness of curve.



normalized
values

1.0

100 antennas
10 ft. array (.101 ft. spacing)

96 ft. range
observation at centerline

0.5

9 11 13 15 Nsec

Fig. 3.12. Simulated field, step function input,
0.101 ft. spacing.
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500 antennas, 10 ft. array,
9.5 ft. range, on centerline

X plot of natural in function

t + [t2-t 02 1/2

F(t) = in t 0

9 11 13 1s

Fig. 3.13. Plot of the natural logarithm function vs. the
simulated field of an array with antenna
spacing of 0.02 ft.
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of arrival of the last pulse from the most distant antenna, as any addi-

tional values have no physical meaning.

Another noteworthy effect is shown in Fig. 3.14, which shows the

effect of shifting the observation point. When the observation point is

shifted to the right, the observed field at that point is identical to

the field at the center for a period of time. The amount of time is equal

to the time it takes the rightmost pulse to arrive. After that, the

field at the shifted position rises slower. That occurs because while

the observation position is aligned within the width of the array, the

pulses from the individual antennas arrive in pairs except for the one

case where an antenna is directly in line with the point (in which case,

that pulse arrives before any other pulse). As the observation point is

shifted to the extreme edge of the array and beyond, the pulses arrive

one at a time. Figure 3.13 shows this effect for a 28 feet array with

the observation points at centerline and 5 feet right of centerline.

In summary, for a step function input voltage ((k)(U(t))) to an

array of long monopoles, the radiated field at a point distant from the

array is constructed from a summation of the fields radiated by the indi-

vidual elements within the array, with individual field magnitudes deter-

mined by the distance traveled. The rise time of the resultant field is

directly proportional to the times of arrival of the leading edges of

the individual fields. The smoothness of the resultant waveform is

related to the antenna spacing, i.e., closer spacing produces smoother

curves, assuming the same time scale. As the observation point shifts

from the axis of symmetry, the observed field is identical to that at



normalized
values

1.0

centerline .-- ,14--5 ft. right

16 antennas

28 ft. array (1-9 ft. spacing)

16 ft. range

0.5

15 20 25 30 35
Nsec

Fig. 3.14. Simulated field at centerline vs. 5 ft. right

of centerline.
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centerline for a time based on the distance shifted, i.e., the farther

right shifted, the sooner divergence from the centerline field occurs.

However, the rise time of the resultant field is slower than that of the

individual radiated fields.



QAPTER 4

RESULTS AND CONCLUSIONS

The electromagnetic field radiated from an array of monopole

antennas excited by a step function input voltage was shown to be the

sum of the individual fields at the observation point. The resultant

field had a rise time based on the time of arrival of the individual

fields, and a magnitude based on the distance from the array.

A "stair step" effect was predicted and reflected in the data.

As the number of array elements was increased, the "stair step" smoothed

out and approached a limiting value as the number of elements got very

large. The limit was the logarithmic function expressed by Eq. (3.5).

As the observation point was shifted off centerline, the field

at the new point was identical to the field at the center for a time

related to the distance shifted. Thus, based on the array configuration,

a certain amount of planarity was shown.

Conclusions

No practical solution to the rise time degradation caused by the

time delay was found. For a number of antennas that one could reason-

ably expect to construct into an array, 16 to 32 elements over a 28 foot

span, the "stair-step" effect was dominant. For those cases where

smoothness was shown because of very close element spacing, no conclu-

sion is drawn, since the element spacing is such that secondary

37
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radiation between elements, which was ignored in this simulation, must

be considered.

Two approaches to the cylinder illumination experiment could be

taken: reduce the experiment scaling such that a single radiating ele-

ment can be used on the 28 feet square ground plane, or increase the

size of the ground plane. Physical constraints precluded the second

approach and at the time this study was accomplished, time did not per-

mit a restructuring of the experiment. In either case, the problem

should be solved analytically for a dipole antenna as the source of

plane waves in order to compare the results. Work performed by Bombart

and Libelo which measured the aperture field for the horizontally polar-

ized case should be reviewed for possible application in this experiment

(Beren, 1979, private communication).



APPENDIX A

LIST OF EQUIPMENT USED IN THE TEST FACILITY

Unit Model Manufacturer

Pulse Generator Type 109 Tektronix

Readout Oscilloscope* Type 567 Tektronix

Digital Unit* Type GRIA Tektronix

Sampling Sweep* Type 3T77 Tektronix

Sampling Dual Trace* Type 3576 Tektronix

Attenuators, 1DXT Type 017-044 Tektronix

Current Transformer CT-l Tektronix

Power Supply HP 715A Hewlett-Packard

Time Domain Reflectometer HP 1415A Hewlett-Packard

Oscilloscope HP 130B Hewlett-Packard

Analog Simulator Model 600 Burr-Brown

Tee, standard GR 874-T General Radio

Power Divider GR 874-TPD General Radio

Insertion Unit GR 874-X General Radio

Tee, 1:100 (Type 874) Model 960 H-H Research

Note: U1iits marked * comprise the Sampling Oscilloscope System.
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APPENDIX B

CONSTRUCTION AND TEST OF AN ARRAY
OF ELECTRICALLY SMALL LOOP ANTENNAS

Building the Antennas

A loop antenna must meet two conditions to be considered elec-

trically small (King, 1969):

1. a << b2

2. lkbj < 1 k _ 2-rf
c

where

a = radius of wire

b = radius of loop

c = free space speed of light

f = highest frequency component in pulse

A 3-inch diameter semi-circular antenna was constructed using

RG-174 coaxial cable, an Amphenol Subminax connector, and a small brass

plate using the design in Fig. B.1. Four 6-inch diameter loops were con-

structed using Number 14 gage copper wire, Type BNC connectors, and small

galvanized plates. See Table B.1 for smallness criteria computations.

Testing the Antennas

Analysis

Franceschetti and Papas (1974) showed that the radiated far field

of a small loop antenna was proportional to the first derivative of the

40
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RG-174 coaxial cable
y

g n lbrass baseplate
ground plane

submi nax
connector

Fig. B.1. Design for semi-circular loop antenna.



Table B.1. Computations used to sho that loop antennas used

were electrically small.

Loop Diameter Wire Radius Loop Radius

(inches) (inches) (inches)flat .... bo b,- kb

3.0 0.019 1.3 3.6xi0 4  2.25 0.623

5.0 0.019 2.5 3.6xl0 -4  6.25 1.04

6.0 0.051 3.0 2.6x10 9.0 1.25

kb [2r] [b
where: f = 783x10 6 Hz

c = 9.843x108 ft/sec
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input voltage. Harrison (1964) had previously shown that the load vol-

tage of a small loop antenna, in reception, is proportional to the first

derivative of the incident field. Thus, for the configuration shown in

Fig. 2.1, the load voltage of the field probe was predicted to be propor-

tional to the second derivative of the input voltage.

For a single radiating loop antenna placed on the ground plane

centerline, a time delay is expected as the field probe is shifted either

side of centerline. The purpose of the tests was to determine whether

some configuration of an array would cause the fields to combine with

sufficient planarity to be effective for the desired experiment. One,

two, three, and four element arrays were to be tested.

Results and Conclusions

Initially, the 3-inch diameter loop was used to transmit to a

3-inch diameter probe. When placed 9 feet apart, no measurable response

was noted. When the probe was placed 4 feet from the transmitting

antenna, a moderate response was noted. As a result, it was decided to

construct the 6-inch diameter loops and increase the probe diameter to

5 inches. A diameter of 6 inches was the largest the loops could be

sized and still be considered reasonably close to an electrically small

loop.

In order to maximize the power delivered to the array, the

sampling oscilloscope was triggered by an 8-inch monopole placed 4 feet

behind the array and the E-H tee was removed. Before beginning the data

run, the single antenna was tested using the E-H tee and the 8-inch

monopole for triggering, and produced identical results.
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Tne antennas were oriented with the feed and facing away from

the probe, and for the multiple antenna cases, were spaced one foot

apart. The array was always centered on the centerline of the ground

plane. A complete set of data was recorded as the probe was shifted to

the right in one-foot increments. However, only representative data

are shown in Figs. B.2, B.3, B.4, and B.5. Although considerable ringing

is present, the second derivative nature of the response is clearly evi-

dent as well as the distortion caused by the time delay. (The pulses

could not be integrated because the Analog Simulator proved defective,

and before it was repaired, the decision was made to proceed with the

approach described in Chapter 3.)

Building even larger antennas was considered to both solve the

ringing problem and increase the amplitude of the pulses. However, based

on results published by Dion (1970) which showed that for a large square

loop, the transmitted pulse began to approach that transmitted by a long

monopole, the decision was made to continue the investigation by ana-

lyzing an array of long monopoles, using the results reported by Schmitt,

Harrison, and Williams (1966). If a solution could be developed for the

monopole case, then perhaps it could be related back to the loop case.



vertical :

monopole
200 mV cm trigger

0 mV,"cm, probe

horizontal: 1 Nsec/cm

a. Probe on centerline

vertical:

monopole

200 mV/cm 
trigger

30 mV/cm probe

t. Probe 3 ft. right of centerline

Fig. B.2. Load voltages of small loop probe in response to
field radiated by single small loop antenna excited
by a step function input pulse with finite rise-time.
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verti cal

200 mV/cm' trigger

50 n/cm M probe

horizontal: 1 Nsec/cm

a. Probe on centerline

vertical

monopole
200 m\V/cm trigger

SO m\/cm probe

horizontal: 1 Nsec/cm

). Probe 5 ft. right of ccnterline

Fig. B.-. Load voltage of a small loop probe in response
to fields radiated by a two-element array of
small loop antennas excited by a step function
input pulse with finite rise time.
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vertical :

mon opoile
200 mV/cm trigger

50 mV/cm probe

horizontal: 1 Nsec/cm

a. Probe on centerline

vertical:

200 mV/cm monopole
trigger

50 ./cm probe

horizontal: 1 Nsec/cm

b. Probt, 5 ft. right of centerline

Fig. B.4. Load voltage of a small loop probe in response
to fields radiated hy a three-element array of
small loop antennas excited by a step function
input pulse with finite rise time.
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vert ical1;
200 mV/cm monopole

trigger

50 mV/cm probe

horizontal: 1 Nsec/cm

a. Probe on centerline

vertical:

200 rn\/cm monopole
trigger

probe

50 mV/cm

horizontal: 1 Nsec/cm

b. Probe 5 ft. right of centerline

Fig. 8.5. Load voltage of a small loop probe in respon:;o
to fields radiated by a four-element array of
small loop antennas excited by a step function
input pulse with finite rise time.



APPENDIX C

COMPUTER SIMULATION OF AN ARRAY
OF LONG MONOPOLE ANTENNAS
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PROGRAM FIELD 73/73 OPTNI? TRACE FTN 4,3*P393

PROGR~A" IIDI)0-T. ?!TTAE4.4U#A99UP
INTEGEk I~
REAL AC,,(305
REAL Re7oo0,,(700),TPw(7002,PTC305pO S)

DATA ,,Tf705 TSU,0'.
DATA F/1500*0./
DATA SCALE/.S/
DATA VAU'1S8*(,/
DATA PT, %ST,'300Q,5*0./

10 ~~DAIA LN/,2E
DATA Sq~5985
OATA TAL/5C./
DATA fA /
DATA NCASE//

15DfATA NPT/b/
DATA TIMEDIV/62/
DATA RAI-GF,SHIFTT7,,6/
TNOT 4 RANtiE /
TNOTSQ xTNOT *TNOT

29 TEm~ AZ
C g RAZ;.E . RANGE
READ 402, IDATE

40P FORMAT (12)
D0 lp 1 5 ISNPT

21 10 READ 500,PT CI)
St? FO~f&T CFS* )

DO I? 1 9 1,NCASE
12 REA0 6701 D;STCZ)

602 FOOMAT (FIZ,?)
30 1 REA54 71~ NAN?

700i FURMAI (15)

A a i1i,,NANT
ACTIkIP a A

a DO P7 NC a J,NCASI

NN 3 NANT I

so 14 ASPACE v DISTCNC) /NN
H4AFSPAS 0 ASPACE / 2,
Gu TO Is

13 ASPACE a 8o
HAFSPAS v *

45 is DO 30 J a JMANT
ft(J)v SQI4TCC # (P7(Z) ON'J* MAFSPAlS**l)
7(4) a RWJ / S

DO 411 L 0 1,??'MEDZV
se T1 a CL-1) * SCALE 0 I.E-9 * 3MIFT * 1.la9

jf(PTC:).GT.0.)GO TO 16
JFCTl.LT,,TNQT)VALCL#02 .0,
I(T1.GF.TNT)VALL)ALOG(CCT1.IT(T1.T1,eTNDTSC))/eTNOT)

?P(T1.,GT,TC1))VAL(L,&)eALOG(CY(?(1.SRT(T(I).TC1).tNOT3O))INOY)
55 7E?4 6 AMAX(VAL#,,EM)

16 YFCTl.LT.TCJ))FfLoJK! a 0.
1F(CY1.ET(J))FCL#J'() 0 ACINP /RWJ
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PROBIAO FIELD 73073 OPTing TRACI FN4,3*p3ql

VAL(L,JK) x VALtL#Jg() 0 PCLJC)
40 CONTZNWE

60 NN~ a NN~ - 2
30 CON.TINUE

TNORM a 0,
?p(PTfI).NF,0.) SO TO AS
TNT m 100, / TEM

65 00 51 MP a IFTIMEDIY
51 TNORM .AMA~j(VAL(MP#2)pTNORM)

TEmP *10/NR
45 TV, A.~

00 62 mO s 1,TImEDIV
73 rEM a A 4 AVI(VALCMP,JX),TfM)

lF(PTfTj.fJE,P.5 TNT. s 1
VkLCMP*l) N VALfMP*I1 * TNT

60 VALCMP,JK) a VAL(MP,Jg) * TEMP*75 ~~PRINT WO, NANT,IDATE AE4,~ATNA.S.,a2x.
75 59100 FORMAT AREM,1g25XpNENe4$oeHge**hf5XoE

lATE-. FER*,13//)
PRINT 512%a, C0T(NC),PT(I3,*5PACE#RANGE,TAU

5100 FO'diAT fl5X,0Wl0T8 OF AFRAY,F7.3,ZXIFEETO,29XOOISTANCE FROM AXI
13 OF $YmeTRY.,FO.2.IX, .FEET./IOX, *ANITENNA SPACNG,FT.3,2X,*FEET.,

am?3, A~E.F.,K*EE.5X.U8 WIOT#4*#F,P5.1,Z NAN0SECONOIO

PRINT 5P00,SCALE,SM7FTTEM
5200 FORMAT C1X.MRTZESALE*,F6.3#2X,*N8EC, OIYOP30XP*TIME SHIFT1., FA.3#2X .NSFC,.//10X, .PL.OTS FROM 0,3 O,1.//

65 CALL MVPLOT(VAL.,MTIMEDIV#10S,343,fl
DO 20 L N 1#TIMEDZV
VAL(LvJK) a 0

20 CONTINUE
GO TO i

92 13 STOP
END
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aS~OMMN YP60T 73/73 Oplar TRC FYN 4.0P313 1/16/76

StI 14OUTINE V!PLOTCy,m,NP,NSN3SZLTZERO)
OIMEN31CN Y(NiS!Z, 12 LINqEC16D~ot2C11,JLC5,
OAT& ~C JLCI) JL C), JL( , JL ) J()

S 1'm-,11N., I'4, IN INS/No? HLJELS&.AN
11 a .1 FCLTZERD.NE.g, Kal NULL$'6N00 IM111

to 191 COTIU NULL 3 MAh
POINdT Its, aLZI I * I, I

1S! FOk4AT II114~)~yZ~
Gc o aits

Its F 115,25,ts UEL A Nis 15 DS2NULJI3Mh.%
115 I4mUELSMAN00~ r# I? .1 1 9EL SMAN

LINC (Nc~j mJPSMA
00 I;A Jmjq NUELSOAN20 NL':NC*L+ t 

uELSM&IN
120 LINE(Ni)@JN NUELSMANLINECIOI)sjo -NULE L 8MN

IF (N) I350122,135NtSA
122 IF(LIZE&O) 135,121,135
121Ii PHINT? ITO, No LINE

is00 TOz 165ll' MJEL SMAN
13? C !).JZ NULIMAN

135 no 14R INIm NUELSMAN
IN~os NLJELSNMN

IF Ch.1~) I4,1SSs~SNUELSMAN
118 IF (J&) IM',1S, I 55ls N1!LMAN35 'SL?'ECIPI)ujZ NI4ULSPANGO To lbS NLJELSMAN150 LINFCl)SjZ 

- hUELISiANG0 To 16g MUELSM&N15LINEWAhals,)( NLIELSMAN-40 160 CONTINUE~ 
NUELSMANIP ''SI.)1P 7,TS NLJELSMAN

105 PRINT 170# N, LINE, Vc N,1)MAITO F0.IMAT CIXIm1 ,I,115)NEOA
GO To 18 

HELM&45 ~175 P RINT 1s@# LINE9, YL4) NEssect FORMAT cSX,1111,~.)NESA
165 0o 168 st II NUIL15MAN

LINE II)DJ6ANKNEo0
193 C0NTINWENUL3gSI hNot. NUELSM£N

261N4uS NUELS14AN
KEE4DA
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